Objective: To compare retinal nerve fiber layer (RNFL) measurements obtained with scanning laser polarimetry (SLP) using variable corneal polarization compensation with standard red-free photography for detection of RNFL damage in glaucoma.
R ETINAL NERVE FIBER LAYER
(RNFL) abnormalities have been shown to precede the development of visual field defects in glaucoma patients. [1] [2] [3] Although RNFL photographs have been established as a standard method for detection of RNFL defects, the qualitative and subjective nature of this assessment, as well as the requirement for maximal pupillary dilation and optimal media clarity, limits its widespread applicability. 4 Scanning laser polarimetry (SLP) is a diagnostic tool developed to quantitatively measure the thickness of the peripapillary RNFL. It is based on the principle that polarized light passing through the birefringent RNFL undergoes a measurable phase shift, known as retardation, which is linearly related to histologically measured RNFL tissue thickness. 5 Although differences in retardation between healthy and glaucomatous eyes have been previously described, [6] [7] [8] [9] [10] [11] earlier studies 12, 13 evaluating RNFL photographs and SLP in glaucoma showed only modest associations between these 2 methods.
A significant source of error in previous studies evaluating the SLP technology was most likely introduced by the erroneous compensation of anterior segment birefringence. [14] [15] [16] [17] [18] [19] The RNFL is not the only birefringent structure in the eye. The cornea and Henle fiber layer of the macula, and to a lesser extent the lens, also are birefringent. [20] [21] [22] [23] To address anterior segment birefringence, the first commercial SLP had a fixed corneal compensator. The compensator was calibrated based on the assumption that all individuals had a slow axis of corneal birefringence 15°nasally downward with a magnitude of retardance of 60 nm. However, there is a wide variation in both the axis and the magnitude of corneal birefringence in healthy and glaucomatous individuals. 17, 18, 22, 24 An improvement of the SLP technology consisting of the variable compensation of an-terior segment birefringence has been recently described. 25 Weinreb et al 26 showed that SLP with variable compensation of the axis and magnitude of corneal birefringence results in improvement of the sensitivity and specificity of several parameters to discriminate between healthy and glaucomatous eyes. Further, monkey studies 27, 28 have suggested that RNFL measures obtained with SLP using variable corneal compensation (VCC) better reflect the RNFL qualitative appearance than measures obtained using SLP with fixed corneal compensation.
To determine the clinical validity of any new technology, it is important to compare it with previously established diagnostic techniques with proven clinical utility. Hence, the purpose of this study was to compare RNFL measurements obtained with SLP using VCC to standard red-free photography for detection of RNFL damage in glaucoma.
METHODS
This observational, cross-sectional study included 114 eyes of 114 patients. Forty-two patients had open-angle glaucoma, 32 patients were suspected of having glaucoma, and 40 were healthy. Mean ± SD age of glaucoma patients, patients suspected of having glaucoma, and healthy individuals was 67±11 years, 61±12 years, and 65±11 years, respectively (P=.06, analysis of variance). All patients were evaluated at the Hamilton Glaucoma Center, University of California, San Diego, and retrospectively selected from our research database. These patients were included in a prospective, longitudinal study designed to evaluate optic nerve structure and visual function in glaucoma. All patients who met the inclusion criteria described were enrolled in the current study. Informed consent was obtained from all participants. The University of California, San Diego, Human Subjects Committee approved all protocols, and the methods described adhered to the tenets of the Declaration of Helsinki.
Each subject underwent a comprehensive ophthalmologic examination, including review of medical history, best corrected visual acuity, slitlamp biomicroscopy, intraocular pressure (IOP) measurement using Goldmann applanation tonometry, gonioscopy, dilated funduscopic examination using a 78-diopter (D) lens, stereoscopic optic disc photography, and automated perimetry using 24-2 full-threshold standard automated perimetry or Swedish Interactive Threshold Algorithm (Zeiss-Humphrey field analyzer, Zeiss-Humphrey, Dublin, Calif). To be included, subjects had to have best corrected visual acuity of 20/40 or better, spherical refraction within ±5.0 D, cylinder correction within ±3.0 D, and open angles on gonioscopy. Eyes with coexisting retinal disease, uveitis, or nonglaucomatous optic neuropathy were excluded from this investigation. One eye of each patient was randomly selected for inclusion in the study.
The eyes of the healthy controls had IOPs of 22 mm Hg or less, with no history of increased IOP and a normal visual field result. Normal visual field was defined as a mean deviation (MD) and pattern standard deviation (PSD) within 95% confidence limits and Glaucoma Hemifield Test results within normal limits. Healthy control eyes also had a healthy appearance of the optic disc and RNFL (no diffuse or focal rim thinning, cupping, optic disc hemorrhage, or RNFL defects), as evaluated by optic disc photographs.
Eyes were classified as glaucomatous if they had repeatable (2 consecutive) abnormal visual field test results, defined as a PSD outside the 95% normal confidence limits or Glaucoma Hemifield Test results outside 99% normal confidence limits, regardless of the appearance of the optic disc. Average MD of the glaucomatous eyes on the visual field test nearest the imaging date was −4.92 dB. According to the HodappParrish-Anderson 29 grading scale of severity of visual field defects, 27 patients (64%) were classified as having early visual field defects, 9 patients (21%) had moderate defects, and 6 patients (14%) had severe visual field defects.
Patients suspected of having glaucoma had either ocular hypertension (IOP Ͼ22 mm Hg on more than 2 separate visits) or glaucomatous appearance of the optic disc but normal results on visual field tests. Glaucomatous damage to the optic disc was defined as the presence of neuroretinal rim thinning, excavation, notching, or characteristic RNFL defects. Of the 32 patients suspected of having glaucoma with normal visual fields, 12 (38%) had ocular hypertension and normal optic nerves, whereas 20 (62%) had a glaucomatous appearance of the optic disc.
The RNFL photographs were acquired with a TRC-50VT camera (Topcon America Corp, Paramus, NJ) using Kodak Kodalith high-contrast film (Eastman Kodak Company, Rochester, NY). Superior and inferior 20°fields were obtained using a set of narrow-pass filters (SE-40 and SE-50, Spectrotech Filter, Saugus, Mass) and a standard Topcon red-free filter. In addition, 55°wide-angle views of the optic disc centered between the superior and inferior regions of the RNFL were obtained. Photographs were printed on 35-mm transparencies and viewed on a light box with an acrylic optical grade magnifier (original magnification, ϫ4).
Evaluation of the RNFL photographs was completed using a semiquantitative method described by Niessen et al. 30 In this system, photographs were compared with a set of 25 reference photographs, and a point scale was used to score the photographs according to nerve fiber visibility. 30, 31 A high score of 25 indicated normal, thick, striated fibers, whereas a low score of 1 indicated that no nerve fibers were visible. Superior and inferior arcuate bundles were scored separately. Each photograph was assessed by 2 graders (F.A.M. and K.M.), and the final RNFL score was calculated as the average of the RNFL scores of each grader. Each grader was masked to the subject's identity and the other test results. Disagreements (difference of more than 4 points between the 2 graders) were resolved by consensus of adjudication of a third grader (C.B.). A global severity score (RNFL global) for each eye was created by averaging the superior and inferior final RNFL scores. Poorquality RNFL photographs, as assessed by consensus of the graders, were discarded. Seventeen patients (13%) of an initial group of 131 eligible patients had poor-quality RNFL photographs and were excluded from the study, leaving 114 subjects for the analysis.
All patients underwent imaging with a commercially available SLP (GDx VCC, software version 5.0.1; Laser Diagnostic Technologies Inc, San Diego, Calif) within 3 months of RNFL photographs. The general principles of SLP have been described in detail elsewhere. 8 The GDx VCC is a modified SLP system with VCC. Images of the ocular fundus are formed by scanning the beam of a near infrared laser (780 nm) in a raster pattern. The scan raster covers an image field 40°horizontally and 20°vertically in the eye, covering both the parapapillary and the macular regions. 32 In the GDx VCC, the method of VCC, as described by Zhou and Weinreb, 25 has been automated and replaced the original fixed corneal compensator. The VCC in the system consists of 2 identical linear retarders in rotating mounts so that both the retardance and axis of the unit can be adjusted according to requirements. To measure eye-specific corneal polarization axis and magnitude, SLP images of the macula are first acquired without compensation (the retardance of the VCC is set to zero). The radial birefringence of the Henle fiber layer in the macula is used as an intraocular polarimeter, and both the Henle fiber layer and corneal retardance can be determined from the macular retardation profile. Next, corneal birefringence-compensated SLP images are obtained using the appropriate eye-specific corneal polarization axis and magnitude values by adjusting the VCC retarders. The GDx VCC measures retardation in units of nanometers. To simplify communications, retardation values are converted into thickness values (micrometers) using a fixed conversion factor of 0.67 nm/µm. 32 A baseline image was automatically created from 3 images obtained for each subject and used in each analysis. Only scans of good quality were included. Quality assessment was evaluated by an experienced examiner masked to the subject's identity and results of the other tests. Good-quality image required a focused and evenly illuminated reflectance image with a centered optic disc. Six patients (5%) of an initial group of 131 eligible patients had poor-quality SLP images, and all of them had also poor-quality RNFL photographs.
The GDx VCC software calculates summary parameters based on quadrants, which are defined as temporal (335°-24°u nit circle), superior (25°-144°), nasal (145°-214°), and inferior (215°-334°). Both hemifield and global parameters were evaluated. The hemifield SLP parameters investigated in this study were superior ratio (superior quadrant thickness to temporal quadrant thickness), inferior ratio, superior-nasal ratio, superior maximum (average of the 1500 thickest points in the superior quadrant), inferior maximum, superior average, inferior average, normalized superior area (area under the TSNIT [temporal-superior-nasal-inferior-temporal] curve in the superior quadrant), and normalized inferior area. Global SLP parameters investigated were maximum modulation ([thickest quadrant−thinnest quadrant]/thinnest quadrant), ellipse modulation, ellipse average, ellipse standard deviation, and the Nerve Fiber Indicator (NFI). The NFI is calculated using a support vector machine algorithm based on several RNFL measures (Michael Sinai, PhD, Laser Diagnostic Technologies Inc, written communication, March 2003) and assigns a number from 0 to 100 to each eye. The higher the NFI, the greater the likelihood the patient has glaucoma.
Analysis of variance was used to assess differences in SLP parameters and RNFL photography scores among glaucoma patients, patients suspected of having glaucoma, and healthy individuals. The Fisher least-significant difference test was used to perform post hoc multiple comparisons. The correlation between the semiquantitative RNFL severity scores obtained by assessment of RNFL photographs and the SLP parameters was evaluated by Pearson product moment correlation coefficients. The RNFL scores for each hemiretina were compared with SLP parameters evaluating the corresponding hemiretina, whereas global RNFL scores were compared with global SLP parameters.
Receiver operating characteristic (ROC) curves were used to describe the ability to differentiate glaucomatous from healthy eyes of each GDx VCC software-provided parameter and also of the RNFL photographic scoring system. The ROC curve shows the tradeoff between sensitivity and 1−specificity. An area under the ROC curve of 1.0 represents perfect discrimination, whereas an area of 0.5 represents chance discrimination. The method of DeLong et al 33 was used to compare areas under the ROC curve. Minimum specificity cutoffs of 80% and 95% were used for comparing the sensitivity of the SLP parameters and the RNFL photographic scoring method. PϽ.05 was considered statistically significant. Statistical analyses were performed using SPSS statistical software, version 10.0 (SPSS Inc, Chicago, Ill). Table 1 gives the mean values of all SLP parameters and RNFL scores in glaucoma patients, patients suspected of having glaucoma, and healthy individuals. Significant differences between glaucoma patients and healthy subjects and between glaucoma patients and patients sus- pected of having glaucoma were found for all SLP parameters and also for RNFL photographic scores. When patients suspected of having glaucoma were compared with healthy individuals, the SLP parameters NFI, superior maximum, and normalized superior area showed statistically significant differences between the 2 groups. Table 2 gives the correlation coefficients for the associations between SLP parameters and RNFL photographic scores. All correlations were statistically significant with PϽ.001. Lower RNFL scores were associated with thinner RNFL thickness measurements as indicated by the SLP parameters. For the superior hemiretina, correlations between superior RNFL scores and corresponding SLP parameters showed R 2 values ranging from 16% to 40%. For the inferior hemiretina, the R 2 values ranged from 16% to 37%. For the association between global RNFL scores and global SLP parameters, the R 2 values ranged from 15% to 47%. The strongest relationship was found between the SLP parameter NFI and the global RNFL score (r = −0.683, R 2 = 47%, PϽ.001, Pearson correlation coefficient). As the SLP parameter NFI increased (more damage), the global RNFL photograph severity score decreased (more damage) (Figure 1) .
RESULTS

RNFL MEASUREMENTS BY DIAGNOSTIC GROUP
ASSOCIATION BETWEEN SLP PARAMETERS AND RNFL SCORES
We also investigated the correlation between the SLP parameters and RNFL scores with the visual field indices MD and PSD. The SLP parameter NFI showed the best correlation with MD and PSD among the SLP param- Table 3 gives the values of the areas under the ROC curves for all SLP parameters and the RNFL photographic scores. For the SLP parameters, ROC curve areas ranged from 0.65 to 0.91, whereas for the RNFL photographic scoring system, the ROC curve areas were 0.80, 0.84, and 0.84 for the superior, inferior, and global RNFL scores, respectively. The ROC curve area for the best SLP parameter, NFI, was significantly higher than the ROC curve area for the global RNFL score (P=.03) (Figure 2 ). Table 3 also shows the sensitivities at fixed specificities (Ն80% and Ն95%) for the SLP parameters and the RNFL photographic scores. With 95% specificity (cutoff point of 30), the NFI had a sensitivity of 71% for detection of glaucoma. At the same specificity (cutoff point of 8), the RNFL global score had a lower sensitivity (36%). With specificity at 80%, the NFI and RNFL global score had similar sensitivities (88% and 81%, respectively). Figure 3 shows the balance of sensitivity and specificity for each cutoff point for the SLP parameter NFI.
ABILITY OF SLP PARAMETERS AND RNFL PHOTOGRAPHIC SCORING METHOD TO DIFFERENTIATE GLAUCOMA PATIENTS FROM HEALTHY SUBJECTS
Using 30 as a cutoff point, the NFI classified as having abnormal eyes 9 (28%) of the 32 patients suspected of having glaucoma. Six (67%) of these 9 patients had glaucomatous-appearing optic discs, whereas 3 (33%) had ocular hypertension and normal optic discs. Using 8 as a cutoff point, the RNFL global score classified only 1 (3%) of the 32 patients suspected of having glaucoma as having abnormal eyes. This patient had a glaucomatousappearing optic disc and was also diagnosed as having abnormal eyes by the NFI.
COMMENT
For both the superior and inferior hemifields, as well as for global RNFL measures, we found moderate correlations between the amount of RNFL damage as assessed by RNFL photographs and GDx VCC softwareprovided parameters. Because semiquantitative RNFL photographic assessment has been shown to precede detectable optic disc damage and visual field defects in glaucoma, 1,3 the measurements of RNFL thickness obtained with the GDx VCC may provide clinically relevant information for diagnosing and monitoring glaucoma patients and also for detecting early glaucomatous damage.
The correlations found in our study between the SLP parameters and the Niessen semiquantitative RNFL scoring system ranged from a minimum R 2 of 15% to a maximum R 2 of 47%, depending on the specific SLP parameter evaluated. These values were generally better than previously reported correlations in studies comparing the same RNFL photographic scoring system with earlier versions of SLP using fixed corneal compensation. 12, 13 Niessen et al 12 found a maximum R 2 of 28% for the correlation between cross-section RNFL measurements obtained with a nerve fiber analyzer (GDx Nerve Fiber Analyzer; Laser Diagnostic Technologies Inc) and the semiquantitative RNFL photographic scoring system. In another study, Zangwill et al 13 found R 2 values ranging from 0.35% to 25.7% for the correlation between GDx Nerve Fiber Analyzer (Laser Diagnostic Technologies Inc) parameters and the Niessen photographic scoring method. These findings agree with recent reports that showed an improvement in the correlation coefficients for associations between SLP parameters and other measures of glaucomatous damage, such as visual field indices or optical coherence tomography RNFL thickness measurements, when VCC rather than fixed corneal compensation is used. 34, 35 The improvement in correlation coefficients with the use of SLP with VCC seems to be most noticeable for thickness parameters than for ratio and modulation ones. In the study by Zangwill et al, 13 which used SLP with fixed corneal compensation, the best correlation using a thickness parameter was found between the superior average parameter and the superior hemifield RNFL score. However, the R 2 for this correlation was only 5%, whereas in our study the same association had an R 2 of 25%. For the ratio and modulation parameters, the best correlation in the study by Zangwill et al 13 was found for the ellipse modulation parameter and global RNFL score, with an R 2 of 25.7%. In our study, the same association had a com- 
